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.2013.09.0Abstract This paper investigates the impact of extreme gust wind as a case of wind speed variation
on a wind farm interconnected electrical grid. The impact of extreme gust wind speed variation on
active and reactive power of the wind farms is studied for variable speed wind farm equipped with
Doubly Fed Induction Generators (DFIGs). A simulation model of the under implementation
120 MW wind farm at Gulf El-Zayt region, Red Sea, Egypt, is simulated as a case study. A detailed
model of extreme gust wind speed variation is implemented and simulated, using MATLAB/Simu-
link toolbox, based on International Electrotechnical Commission IEC 61400-1 and climate char-
acteristic of Gulf El-Zayt site. The simulation results show the inﬂuence of different extreme gust
wind speed variations on the ﬂuctuation of active power and reactive power at the Point of Com-
mon Coupling (PCC) of the studied wind farm.
 2013 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Wind power generation systems are already popular in the
world, and the utilization of this renewable energy source is
expanding rapidly. Because of its attractive advantages,
including zero-CO2 emissions and low operation cost, the pen-
etration of wind power generation systems is increasing in spite
of the variable characteristics of wind speed. The DFIG con-966711300, mobile: +20
edu.eg (O. Noureldeen).
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11cept has become one of the most favorable options in modern
wind power market. The DFIG wind turbine consists of
wound rotor induction generator, that is connected to the tur-
bine blades via a gearbox. The stator of a wound rotor gener-
ator is connected directly to the grid, whereas the rotor is
connected to the grid through two back-to-back converters
with a common DC link capacitor bank. This arrangement al-
lows for power in the rotor to be at a different frequency than
that of the grid frequency, thereby allowing for speed control
by adjusting this frequency. There are several advantages of
the DFIG system, where the variable speed allows for optimal
power to be extracted for a wide range of wind speeds. Both
active and reactive power can be controlled independently.
Also, reactive power can be supplied by the generator to sup-
port grid voltages. The disadvantages of the DFIG are the har-
monics generated by the power converter need to be ﬁltered to
comply with grid connection speciﬁcations [1]. The wind itselfin Shams University.
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extract power from varying wind is a function of three main
factors – the wind power availability, the power curve of the
generator, and the ability of the turbine to respond to wind
ﬂuctuations. Wind turbines are typically be placed in rows per-
pendicular to the prevailing wind direction. The distance be-
tween the wind turbines in each row and the distance
between the rows depend on the rotor diameter. In a uniform
wind direction the distance between turbines in rows and col-
umns is approximately equal to 5 times of rotor diameter. In
case of predominate wind direction, the recommended turbine
spacing is equal to 8–12 times of rotor diameter in rows apart
in the windward direction, and equal to 1.5–3 times of rotor
diameter a part in the crosswind direction [2]. The wind tur-
bines with tall hub heights can extract large amounts of energy
from the atmosphere because they are likely to encounter high-
er wind speeds, but they face challenges given the complex nat-
ure of wind ﬂow and turbulence at these heights in the
boundary layer. Depending on whether the boundary layer is
stable, neutral, or convective, the mean wind speed, direction,
and turbulence properties may vary greatly across the tall tur-
bine swept area (40–120 m above ground level) [3]. This vari-
ability can cause tall turbines to produce difference amounts
of power during time periods with identical hub height wind
speeds. The strategy of New and Renewable Energy Authority
of Egypt NREA, which was approved in February 2008, aims
to the contribution of renewable energies by 20% of the total
electricity generation by the year 2020, including 12% contri-
bution from wind energy, translating about 7200 MW grid-
connected wind farms. Gulf El-Zayt site at the Red Sea region,
it is classiﬁed as an excellent wind speed site which it reaches
10.5 m/s as average wind speed over one-year period at 25 m
above ground level and it can host about 3000 MW wind
power plants. However, technical considerations suggest that
the area cannot absorb more than 2000 MW. The target is to
develop the overall area until 2024. One of those projects under
implementation is a 120 MW wind farm as a ﬁrst step (possibly
upgraded to 400 MW), and it sited at Gulf El-Zayt site [4]. This
project is expected to be completed and operated in the end of
2014. This wind farm will produce approximately
500.000 MW h contributing to partially cover 35% of the Suez
cement factory energy needs. In this paper, the effect of extreme
gust wind speed variation on the stability of Gulf El-Zayt wind
farm is investigated for different operation conditions by mon-
itoring the variations in wind farm active and reactive power.
To investigate the impacts of extreme gust wind speed variations
on the stability of the studied wind farm, a simulation model of
a 120 MWwind farm connected to a grid is investigated. Also, a
detailed model of extreme gust wind is investigated and simu-
lated according the recorded average wind speed over one-year
period at Gulf El-Zayt site and the standard IEC 61400-1. The
impacts of extreme gust wind speed variation on the stability of
the simulated wind farm are studied by monitoring the active
power and reactive power at the Point of Common Coupling
(PCC) bus of the studied system. The complete wind farm con-
nected-grid model, includes the extreme gust wind model, the
aerodynamic model of the wind turbine, the model of electrical
component namely the DFIG, transmission line model, trans-
formers. All the model components of the wind farm con-
nected-grid are built with standard electrical component
models using the MATLAB SimPowerSystems toolbox and
32 bit windows 7 platform.2. Simulation of extreme gust wind
In this paper, the extreme gust wind speed variations are sim-
ulated by simulating the extreme wind conditions as speciﬁed
in IEC 61400-1 [5,6]. The extreme wind conditions include
peak wind speeds due to gust and rapid changes in wind speed.
The mathematical model of the extreme gust wind depends on
the climatic characteristics in the site where the wind farm is
located. The wind proﬁle is the average wind speed as a func-
tion of height, z, above the ground. The normal wind speed
proﬁle is given by
VðzÞ ¼ Vhub z
zhub
 a
ð1Þ
where (z) is the average wind speed at height z above the
ground (m/s), zhub is the hub height of the wind turbine (m),
and Vhub is the wind speed at hub height averaged over ten
minutes (m/s). The power law exponent, a is assumed to be
0.25 which is the standard value for the Egyptian terrain and
wind conditions [7,8]. The wind speed is deﬁned for a recur-
rence period of N years by the following equation [6]:
Vðz; tÞ ¼ VðzÞ  0:37VgustN sin
3pt
T
  
1 cos 2pt
T
  
for! Tstart 6 t 6 Tfinal
VðzÞ for! t < Tstart and t > Tfinal
" #
ð2Þ
where Tstart is the time of the beginning of the gust, Tﬁnal is the
time of the demise of the gust, and T is the gust characteristics
time (s), it equals to 10.5 s for a recurrence period N equal to
1 year and it equals to 14 s for a recurrence period N equal to
50 years. VgustN is the largest extreme gust magnitude with an
expected recurrence period of N year and it can be given by
VgustN ¼ b r
1þ 0:1 D
A
 
 !
ð3Þ
where b is the parameter for extreme direction change model, it
equal to 4.8 for a recurrence period N equal to 1 year, and it
equal to 6.4 for a recurrence period N equal to 50 years, D is
the rotor diameter (m), and A is the turbulence scale parameter
(m) where it can be given by
A ¼ 0:7zhub for zhub < 30 m
21 m for zhub P 30 m
 
ð4Þ
ﬁnally r is the standard deviation of longitudinal wind velocity
and it can be given by
r ¼ I15ð15þ aVhubÞðaþ 1Þ ð5Þ
where I15 is the characteristic value of the turbulence intensity
at a 10 min average wind speed of 15 m/s, and a is the slop
parameter of turbulence intensity.
The wind turbine generator system classes are used to deter-
mine the suitable turbine for the normal wind conditions of a
particular site [5]. The wind classes are mainly deﬁned by the
average annual wind speed which is measured at the turbine
hub height, the speed of extreme gusts that could occur over
N years, and how much turbulence there is at the wind site.
The wind turbine generator system classes are deﬁned by
IEC 61400-1 correspond to high, medium and low wind speed
as shown in Table 1. It shows that, there are four classes for
wind turbine generators. In the case of a wind turbine that is
designed for lower wind speeds, the design loads are going to
Table 1 Wind turbine generator system classes.
Class Vave (m/s) A (high turbulence) B (low turbulence)
I15 a I15 a
I 10 0.18 2 0.16 3
II 8.5 0.18 2 0.16 3
III 7.5 0.18 2 0.16 3
IV 6 0.18 2 0.16 3
Table 2 Wind turbine generator speciﬁcations.
Rated power (MW) 2
Cut-in wind speed (m/s) 3
Rated wind speed (m/s) 13
Cut-out wind speed (m/s) 25
Rotor diameter (m) 76.42
Rotor area (m2) 4587
Blade length (m) 37
Hub height (m) 70
Start 
• Wind farm site data 
• Wind turbine generator class data (Table 1)
• Wind turbine generator data (Table 2) 
Calculate hub wind 
speed Vhub using 
equation (1) 
Calculate standard 
deviation σ using 
equation (5)   
Calculate gust wind 
speed VgustN using 
equations (3) and (4) 
Calculate extreme gust 
wind speed V(z,t) using 
equation (2) 
V(z.t) 
End 
To wind turbine model
Figure 1 Flowchart of extreme gust wind calculation.
Figure 2 Layout of the simulated wind farm.
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ler. As a result, bigger rotors of class IV capture more wind en-
ergy and yield higher capacity factors compared to other
classes. In this paper, these classes are used to choose a suitable
wind turbine generator for climate characteristics of Gulf El-
Zayt site. Wind Atlas of Egypt concludes that the yearly aver-
age wind speed at Gulf El-Zayt site is about 10.5 m/s measured
at a height above the ground of 25 m. The NREA annual re-
port, 2011, reported that the suggested capacity of each wind
turbine generator is 2 MW [9]. Also, a feasibility study for a
large wind farm at Gulf El-Zeit site, 2008, reported that the
maximum blade tip heights of about 100 m and it is proposed
to limit the maximum tip height to 110 m to be in accordance
with the ornithological study and still allow wind turbines up
to 2.5 MW. In order to achieve this study, 2 MW wind turbine
generator with a hub height of 70 m and rated wind speed of
13 m/s is used as a suitable generator for Gulf El-zayt site.
Where the calculated hub wind speed based recorded average
wind speed of Gulf El-Zayt site using Eq. (1) is about
13.5 m/s at a height of 70 m above the ground level. The spec-
iﬁcations of the suggested 2 MW wind turbine generator are
illustrated in Table 2 [10]. The speciﬁcations of the 2 MW wind
turbine generator, the wind turbine generator parameters of
class 1 and the average wind speed at wind farm site are used
to simulate the extreme gust wind speed variations at the hub
height according to IEC 61400-1. Eq. (2) is simulated using
MATLAB-Simulink toolbox to generate extreme gust wind
speed variations which will be used to investigate the stability
of studied wind farm. Fig. 1 shows the ﬂowchart of the
achieved Simulink program to generate data of different ex-
treme gust wind speeds.
3. Models of wind turbine system
3.1. Wind turbine model
The mechanical power and the aerodynamic torque developed
by a wind turbine are given by [11,12]Pw ¼ pqr
2
2
V3ðz;tÞCpðk; hÞ ð6Þ
where Pw is the mechanical output power captured from the
turbine (W), q is the air density (nominally it equals
1.225 kg/m3), r is the radius of the turbine (m), V(z,t) is the wind
140 O. Noureldeen, A. Rashadspeed (m/s), CP is the power coefﬁcient of the wind turbine, h is
the pitch angle and k is the tip speed ratio [13–15]. Where the
tip speed ratio is deﬁned as
k ¼ xmr
Vðz;tÞ
ð7Þ
where xm is the angular speed of turbines (rad/s). One of the
methods used to calculate the power coefﬁcient CP by using
a generic equation is [16–18]:
Cpðk; hÞ ¼ 0:5176 116ki  0:4h 5
 
e
0:0068
ki þ 0:0068k ð8Þ
where ki is given by:
1
ki
¼ 1
kþ 0:08h
0:035
h3 þ 1 ð9Þ
The power coefﬁcient CP represents the fraction of the power
in the wind captured by the turbine and its maximum value
theoretically is equal to 0.59. In practical design the maximum
value of CP is between 0.4 and 0.5 for high speed two blade
wind turbine and between 0.2 and 0.4 for low speed turbines
with more blades [2].Extreme gust wind speed 
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Figure 3 Single line diagram o3.2. Generator model
The stator and rotor voltage equations of a wounded rotor
induction generator in the arbitrary two axes reference frame
(d–q frames) are as follows, where the quantities on the rotor
side are referred to the stator side. The used subscripts are de-
ﬁned as follows: d: d axis quantity, q: q axis quantity, r: rotor
quantity, s: stator quantity [19].
vds ¼ rsids þ dwds
dt
 xwqs ð10Þ
vqs ¼ rsiqs þ
dwqs
dt
þ xwds ð11Þ
vdr ¼ rridr þ dwdr
dt
 ðx xrÞwqr ð12Þ
vqr ¼ rriqr þ
dwqr
dt
þ ðx xrÞwdr ð13Þ
wds ¼ Lsids þ Lmidr ð14Þ
wqs ¼ Lsiqs þ Lmiqr ð15ÞC
AC
C
AC
C
AC
GSC 
GSC 
GSC 
P
Q
P
Q
P
Q
PCC bus 
PQ 
220 KV grid 
2500 MVA 
V/25 KV
V/25 KV
V/25 KV
25/220 KV
25 KV, 30 Km 
Transmission line 
f the simulated wind farm.
Table 3 DFIG data and system parameters.
DFIG parameters
Rated power (MW) 2
Rated voltage (V) 690
Rated frequency (Hz) 60
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wqr ¼ Lriqr þ Lmiqs ð17Þ
Ls ¼ Lls þ Lm ð18Þ
Lr ¼ Llr þ Lm ð19Þ
where ds, qs, dr, qr, ids, iqs, idr, iqr and wds, wqs, wdr, wqr are volt-
ages (V), current (A) and ﬂux linkages (Wb) of the stator and
rotor in d–q axis, rs and rr are the resistances of the stator and
rotor windings (X), Ls, Lr, Lm are the stator, rotor and mutual
inductances (H), Lls, Llr are the stator and rotor leakage induc-
tances (H), x is the speed of the reference frame (rad/s), xr is
the electrical angular velocity of the generator rotor (rad/s). By
calculating the apparent power and taking the real parts the
following equations represent the stator-side and rotor-side ac-
tive power respectively.
Ps ¼ 3
2
ðvdsids þ vqsiqsÞ ð20Þ
Pr ¼ 3
2
ðvdridr þ vqriqrÞ ð21Þ
The rotor-side active power can also be found from the follow-
ing equation
Pr ¼ sPs ð22Þ
Accordingly the imaginary parts of the apparent power repre-
sent the stator-side and rotor-side reactive power respectively.
Qs ¼
3
2
ðvqsids  vdsiqsÞ ð23Þ
Qr ¼
3
2
ðvqridr  vdriqrÞ ð24Þ
The mutual ﬂux between rotor and stator produces magnetic
energy, which is stored in the magnetic ﬁeld. This energy pro-
duces an electromagnetic torque which is calculated as
Te ¼ 3
2
pLmðiqsidr  idsiqrÞ ð25Þ
where p is the number of pole pairs.
Stator resistance (pu) 0.00707
Rotor resistance (pu) 0.005
Stator leakage inductance (pu) 0.171
Rotor leakage inductance (pu) 0.156
Mutual inductance (pu) 2.9
Lumped Inertia Constant (s) 5.04
25 kV Transmission line parameters
Positive sequence resistance (ohm/km) 0.1153
Zero sequence resistance (ohm/km) 0.413
Positive sequence inductance (henries/km) 0.00105
Zero sequence inductance (henries/km) 0.00332
Positive sequence capacitance (farads/km) 11.33e9
Zero sequence capacitance (farads/km) 5.01e9
Wind turbine transformer
Voltage ratio (kV) 0.69/25
Resistance (pu) 0.008
Reactance (pu) 0.0452
PCC transformer
Voltage ratio (kV) 25/220
Resistance (pu) 0.005
Reactance (pu) 0.0654. Simulation and control of studied wind turbine generators
The studied wind farm has a total rated capacity of 120 MW
and consists of 60 wind turbines equipped with DFIG, and
each turbine has a capacity of 2 MW. The wind turbines are
positioned in regular array of 10 by 6 where, 10 wind turbines
are located in a row as shown in Fig. 2. In this paper, the dis-
tance between the rows along the main wind directions is var-
ied between 3 and 8 times of rotor diameter for different
studied cases. Wind speed direction is assumed to be perpen-
dicular on wind turbine, meaning that the wind stream passes
each 10 wind turbines at the same instant. Fig. 3 shows a single
line diagram of the simulation model of 120 MW DFIG wind
farm connected to a 25 kV distribution system exports power
to a 220 kV grid with a capacity of 2500 MVA. In Egypt, the
power plants and wind farms are connected to the Egyptian
uniﬁed grid through the 220 kV power network [20]. To study
the behavior of the wind turbine generators during passing of
gust wind at different sites of wind farm, the wind farm issimulated by separated 6 generators each generates 20 MW,
(2 MW multiplied by 10), as shown in Fig. 3. Among the other
electrical parts of the wind farm, the transformers are of
important in modeling because of relatively high impedances.
Wind farm cable impedances, on the other hand, can be ne-
glected [21]. The main data of DFIG generator and system
parameters are described in Table 3. The DFIG consists of a
wound rotor induction generator and an AC/DC/AC IGBT-
based PWM converter. The stator winding is connected di-
rectly to the grid while the rotor is fed at variable frequency
through the AC/DC/AC converter which consists of a rotor-
side converter (RSC) and a grid-side converter (GSC). The
direction of the power ﬂow through the converters depends
on the operating point of the generator. In the sub-synchro-
nous operation mode, the stator of DFIG supplies power to
the grid and also the slip power to the rotor via the slip rings
and the power converters. In the super-synchronous operation
mode, both the stator output power and the rotor slip power
are fed into grid.
The control of DFIG is achieved by controlling the RSC,
GSC and pitch angle as shown in Fig. 4. The details of the
DFIG wind turbine control systems are given in [22,23]. The
RSC is used to control the output power of the wind turbine
and the voltage or reactive power at the grid terminals. The
generated power is controlled to follow the predeﬁned
power-speed characteristics (tracking characteristic curve)
[24]. Fig. 4(a) shows the schematic diagram of the RSC con-
troller based on Proportional Integral (PI) controller. The var-
iation in the maximum power with rotation speed xr of DFIG
is predeﬁned for each wind turbine. The actual wind turbine
rotor speed xr is measured and the corresponding mechanical
power Pr of the tracking characteristic curve is used as the ref-
erence power for the power control loop. The measured electri-
Figure 4 Schematic diagram of DFIG control systems (a) RSC controller. (b) GSC controller. (c) Pitch angle controller.
Table 4 Control system parameters.
Parameter Gains
Kp Ki
AC voltage regulator 1.25 300
Power regulator 1 100
Current regulator of RSC 0.3 8
DC voltage regulator 0.002 0.05
Current regulator of GSC 1 100
Pitch angle controller 500 –
142 O. Noureldeen, A. Rashadcal output power P at the terminal of the wind turbine is added
to the total of mechanical and electrical power losses Ploss, then
the summation is compared with the reference power which
obtained from the tracking characteristic. The operation of
RSC controller requires idr and iqr to follow the varying refer-
ence points idr_erf and iqr_erf, that are determined by maintain-
ing the output active power and stator-winding voltage at the
setting values respectively. The required voltage for the RSC,
(RSC), is derived by controlling the pu d and q axis currents
of the RSC. The GSC controller is used to regulate the DC link
voltage between both converters, and it is allowed to generate
or absorb reactive power for voltage support requirements. As
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Figure 5 Wind speed variations for different gusts.
Table 5 Data of studied cases.
Cases Pre-gust wind speed (m/s) Distance (m) Delay time (s)
Case 1 11 3D 13.66
5D 22.77
8D 36.44
Case 2 12 3D 12.67
5D 21.12
8D 33.76
Case 3 13 3D 11.81
5D 19.69
8D 31.48
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iq(GSC), have to track the reference points id_ref_(GSC) and iq_ref
(GSC), that are determined by maintaining the DC link voltage
at the setting value and keeping the output of GSC at unity
power factor respectively. The required pu voltage of the
GSC, (GSC), is derived by controlling the pu d and q axis cur-
rents of the RSC. Also, the wind turbine is equipped with a
blade pitch control to limit the extracted power during condi-
tions of high wind speeds. Fig. 4(c) shows the schematic dia-
gram of pitch angler controller. The blade pitch angle
control regulates the pitch angle of the wind turbine blades
to determine the mechanical power that the turbine extracts
from the wind. The blade pitch angle control is activated only
when the wind speed is higher than the rated value. The wind
turbine generators are operated in voltage regulation mode
and the different control system parameters are illustrated in
Table 4.
5. Simulation scenario and results
The wind farm stability will be studied for different extreme
gust wind conditions. The extreme gust wind speed variation
is simulated at different operation conditions assuming that
the extreme gust wind occurs when the wind farm generators
operate at a wind speed less than rated wind speed value,
and when they operate at rated wind speed. The extreme gust
wind speed variations are simulated as discussed in Section 2,based on different pre-gust wind speeds of 11, 12, and 13 m/s.
The different simulated extreme gust wind speed variations are
shown in Fig. 5. In a large wind farm, the time aspect of wind
transport is an important consideration. Therefore, the stabil-
ity of the simulated wind farm is studied when the extreme gust
wind covers the wind farm generators gradually with a delay
time depend on the peak value of extreme gust wind speed
and the distance between the wind turbine rows. In this paper,
the simulated extreme gust wind, (z, t), will cover each turbine
generators row with a delay time, where it can be estimated as
follows:
Delay time ðsÞ ¼ Distance between rows ðmÞ
Peak gust wind speed ðm=sÞ ð26Þ
The simulation is performed at different distances equal to
3, 5 and 8 times of rotor diameter between rows. The different
studied cases are illustrated in Table 5. The wind farm wake
effect is excluded in this study where it is affected by wind
direction and wind farm layout. The wind direction depends
on nature and can therefore not be modiﬁed; however, the
wind farm layout can be modiﬁed to reduce the impact of
the wake effect and thereby optimize wind farm performance
[25]. As shown in Fig. 3, the PCC bus is the main bus of the
wind farm which connects the wind farm with the grid, so in
this paper this bus is taken as the monitoring point of the
whole studied wind farm. The monitoring equipments (mea-
surement equipments) are placed at the main bus PCC for
monitoring the total generated active power from the wind
farm to the grid and the total absorbed reactive power from
the grid. Figs. 6–8 show the variations in active power and
reactive power for different gusts when the distance between
wind turbine rows equals to 3 times of rotor diameter. It is
clear that, the pre-gust generated active power and the ab-
sorbed reactive power depend on the value of steady state wind
speed. The generated active power equals to 83.7, 108.8,
117.1 MW and absorbed reactive power equals to 6.828,
6.327, 5.797 MVAR for pre-gust wind speeds of 11, 12,
13 m/s respectively.
During gust wind speed variation based on pre-gust wind
speed of 11 m/s, the wind speed is ﬂuctuated between 8.9
and 16.78 m/s for 10.5 s before it returns to steady state value.
When the gust wind covers wind turbine generators of row 1,
the active power at PCC bus is decreased to 82.07 MW, and
then it increases to 89.22 MW. When the gust wind covers
the other rows of wind turbine generators with a delay time
of 13.66 s, the generated active power at PCC bus is ﬂuctuated
between 82.37 and 89.4 MW before it returns to steady state
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Figure 6 Active power and reactive power variations at PCC bus
in case of gust wind based on hub wind speed of 11 m/s and
distance equal to 3 times of rotor diameter.
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Figure 8 Active power and reactive power variations at PCC bus
in case of gust wind based on hub wind speed of 13 m/s and
distance equal to 3 times of rotor diameter.
144 O. Noureldeen, A. Rashadvalue. Also, the absorbed reactive power at PCC bus is de-
creased to 6.802 MVAR, and then it increases to 6.875 MVAR
when the gust wind covers wind turbine generators of row 1.
When the gust wind covers the other rows with delay time of
13.66 s, the absorbed reactive power at PCC bus is ﬂuctuated
between 6.807 and 6.875 MVAR and then it returns to steady
state value.100 150 200 250
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Figure 7 Active power and reactive power variations at PCC bus
in case of gust wind based on hub wind speed of 12 m/s and
distance equal to 3 times of rotor diameter.In case of gust wind speed variation based on 12 m/s, the
wind speed is ﬂuctuated between 9.79 and 18.09 m/s. In this
case, the gust wind covers the rows of wind turbine generators
with a delay time of 12.67 s. The generated active power at
PPC bus is decreased to 106.6 MW, and then it increases to
110.2 MW when the gust wind covers wind turbine generators
of row 1. When the gust wind covers the other rows with delay100 120 140 160 180 200 220 240 260 280 300
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Figure 9 Active power and reactive power variations at PCC bus
in case of gust wind based on hub wind speed of 11 m/s and
distance equal to 5 times of rotor diameter.
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Figure 10 Active power and reactive power variations at PCC
bus in case of gust wind based on hub wind speed of 12 m/s and
distance equal to 5 times of rotor diameter.
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Figure 11 Active power and reactive power variations at PCC
bus in case of gust wind based on hub wind speed of 13 m/s and
distance equal to 5 times of rotor diameter.
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igure 12 Active power and reactive power variations at PCC
us in case of gust wind based on hub wind speed of 11 m/s and
istance equal to 8 times of rotor diameter.
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Figure 13 Active power and reactive power variations at PCC
bus in case of gust wind based on hub wind speed of 12 m/s and
distance equal to 8 times of rotor diameter.
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and 109.9 MW, and then it returns to steady state value after
gust wind passing. Also, the absorbed reactive power is in-
creased to 6.44 MVAR, and then it decreases to 6.235 MVAR
when the gust wind covers wind turbine generators of row 1,
where it is ﬂuctuated between 6.48 and 6.26 MVAR when
the gust wind covers the other rows.F
b
dWhen the wind farm operates at rated wind speed of 13 m/s
and the gust wind occurs based on it, the wind speed is ﬂuctu-
ated between 10.68 and 19.41 m/s and the delay time of gust
wind to cover the rows of wind turbine generators is decreased
to 11.81 s. When gust wind covers wind turbine generators of
row 1, the generated active power at PCC bus is decreased to
115 MW by decreasing of gust wind speed. When the gust
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Figure 14 Active power and reactive power variations at PCC
bus in case of gust wind based on hub wind speed of 13 m/s and
distance equal to 8 times of rotor diameter.
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Figure 15 Percentage power ﬂuctuations during gust wind
passing. (a) Active power. (b) Reactive power.
146 O. Noureldeen, A. Rashadwind speed is increased, the pitch angle control system limits
the generated active power at it is rated value of 117.1 MW.
When the gust wind covers the other rows of wind turbine gen-
erators, the generated active power is ﬂuctuated between
112.5 MW and the rated value of 117.1 MW, then it returns
to steady state after gust wind passing. Also the absorbed reac-
tive power is not increased than that rated value of
5.797 MVAR during increasing the gust wind speed. When
the gust wind speed covers wind turbine generators of row 1,
the absorbed reactive power is increased to 5.95 MVAR by
decreasing gust wind speed. Also, it is ﬂuctuated between
6.11 MVAR and its steady state value when the gust wind cov-
ers the other rows.
By increasing the distance between wind turbine generator
rows to 5 and 8 times of rotor diameter, the delay time of gust
wind to cover the different wind turbine generator rows is in-
creased. Also, the ﬂuctuation behavior of generated active
power and absorbed reactive power at PCC bus is affected.
Figs. 9–11 show the variations in generated active power and
absorbed reactive power at PCC bus when the distance be-
tween wind turbine rows equals to 5 times of rotor diameter.
It is clear that, the variation in the generated active power
and absorbed reactive power ﬂuctuations at PCC bus is nearly
the same for all wind turbine rows during gust wind passing. In
case of gust wind based on pre-gust wind speed of 11 m/s, the
generated active power is ﬂuctuated between 82.13 and
89.2 MW, while the absorbed reactive power is ﬂuctuated be-
tween 6.802 and 6.875 MVAR. Also, In case of gust wind
based on pre-gust wind speed of 12 m/s, the generated active
power is ﬂuctuated between 106.6 and 110.2 MW, while the
absorbed reactive power is ﬂuctuated between 6.44 and
6.235 MVAR. When the wind farm operates at rated wind
speed of 13 m/s, then gust wind occurs, the difference between
ﬂuctuation values of generated active power and absorbed
reactive power is decreased during gust wind passing. The gen-erated active power is ﬂuctuated between 114.5 and 117.1 MW
and the absorbed reactive power is ﬂuctuated between 5.797
and 5.98 MVAR. As shown in Figs. 12–14, when the distance
between wind turbine generator rows is increased from 5 to 8
times of rotor diameter, the ﬂuctuation of generated active
power and absorbed reactive power at PCC bus is not affected,
but the system can return to steady state conditions after gust
wind passing one wind turbine generator row and before it ar-
rives the next. Fig. 15 shows the percentage active and reactive
power ﬂuctuation values for different studied cases where they
are calculated based on maximum and minimum values of
them during gust passing. When the distance between rows
equals to 3 times of rotor diameter, the percentage active
power ﬂuctuation values equal to 8.7%, 4.1% and 3.9% for
the gust occur based on wind speed of 11, 12 and 13 m/s
respectively. By increasing the distance between rows to 5
Modeling and investigation of Gulf El-Zayt wind farm for stability studying during extreme gust wind occurrence 147times of rotor diameter, the percentage active power ﬂuctua-
tion values are decreased to 8.4%, 3.3% and 2.22% when
the gust occurs based on wind speed of 11, 12 and 13 m/s
respectively. It is clear that, the percentage active power ﬂuctu-
ation values are decreased by increasing the pre-gust wind
speed and the distance between rows. As shown in
Fig. 15(b), the percentage ﬂuctuation of reactive power is in-
creased by increasing the pre-gust wind speed and it decreases
by increasing the distance between rows.
6. Conclusion
A simulation model of the under implementation 120 MW
wind farm, located at Gulf El-Zayt, Red sea, Egypt, is investi-
gated for studying the ﬂuctuations of active and reactive power
during extreme gust wind occurrence. The simulated wind
farm is equipped with Doubly Fed Induction Generators and
it consists of 60 wind turbines positioned in regular array of
10 by 6 where, 10 wind turbines are located in a row. A com-
mercial 2 MW wind turbine generator with rotor diameter of
76.42 m, hub height of 70 m and rated wind speed of 13 m/s
is used in this study. The extreme gust wind is simulated based
on average wind speed over one-year period at Gulf El-Zayt
site and the standard of IEC 61400-1. The extreme gust wind
speed variations are simulated based on different pre-gust wind
speeds of 11, 12, 13 m/s for studying the power ﬂuctuations at
different gusts. Also, the power ﬂuctuations are studied during
extreme gust wind occurrence for different distances between
wind turbine rows equal to 3, 5 and 8 times of rotor diameter.
These ﬂuctuations are investigated by monitoring the active
and reactive power at Point of Common Coupling bus PCC
of the wind farm during different operation conditions. The
percentage values of power ﬂuctuation are calculated based
on maximum and minimum values of them during gust pass-
ing. The results conclude that, the percentage active power
ﬂuctuation is decreased by increasing pre-gust wind speed, also
it decreases by increasing the distance between wind turbine
rows. It is noticed that, when the wind farm operates at pre-
gust wind speed of 13 m/s and distance between rows equal
to 5 times of rotor diameter, the percentage active power ﬂuc-
tuation is decreased by 46% comparing with the case of dis-
tance between rows equal to 3 times of rotor diameter. On
the other hand, the percentage reactive power ﬂuctuation is in-
creased by increasing pre-gust wind speed, while it decreases by
increasing the distance between wind turbine rows. When the
wind farm operates at pre-gust wind speed of 13 m/s and dis-
tance between rows equal to 5 times of rotor diameter, the per-
centage reactive power ﬂuctuation is decreased by 42.6%
comparing with the case of distance between rows equal to 3
times of rotor diameter. The percentage ﬂuctuation of active
power and reactive power is not affected by increasing the dis-
tance between wind turbine rows from 5 to 8 times of rotor
diameter. From the simulation and investigation, it can be ob-
served that the wind turbine of class 1 with distance between
turbines rows not less than 5 times of rotor diameter is appro-
priate for Gulf El-Zayt site.References
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